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IN 

C d S  FWXOVOLTAIC FILM CELL3 

by T. A. Griffin, R. W. Olmsted, and J .  C.  Schaefer - 
S W R Y  

This CdS t h i n  f i lm solar  c e l l  program has materially contribuxed 
toward an increase I n  the watts per pound, c e l l  s ize ,  and an improved c e l l  
package. It has a l s o  produced an increase i n  the c e l l  efficiency by means 
of an improved co l lec tor  and has shown a method f o r  possibly improving said 
co l lec tor  by electrodeposition. A large number o f  various sized c e l l s  has 
a lso been delivered f o r  a great  variety of environmental tests. C e l l  cost 
reductions have been effected. 

Work has been accomplished on c e l l  se r ies  resistance, c r y s t a l l i t e  s ize ,  
and evaporant powders. 

RM*-e 
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RESEARCH AND DEVELOPMEXT 

I N  

CdS PHOTOVOLTAIC FILM CELLS 

by T. A. Griffin,  R. W. Olmsted, and J. C .  Schaefer 

INTRODUCTION 

The cadmium sulfide so la r  c e l l  program was i n i t i a t e d  a t  Harshaw 
Since then it has about ten years ago by the Un i t eds t a t e s  A i r  Force. 

been augmented by the  National Aeronautics and Space Administration. The 
purpose of this National Aeronautics and Space Administration program was 
t o  concentrate on cer ta in  aspects o f  the  C d S  film c e l l  design s o  tha t  it 
might become more competitive w i t h  exis t ing space power systems. 
development has progressed t o  the threshold of  serious consideration f o r  
space power. 

The c e l l  

To reach this point, t h e  power t o  weight r a t i o  and the  energy con- 
version efficiency had t o  be increased. 
t o  the c e l l  package. 

Rel iab i l i ty  had t o  be designed in-  
Substant ia l  advances were made i n  these areas. 

Several important developments were made during this contract .  
was the fabricat ion of  six inch by six inch solar  ce l l s ,  which a re  probably 
the  l a rges t  individual units ever made. Another important milestone was 
doubling the  c e l l  output by employing an electroformed gold gr id  col lector .  
The successful employment o f  a very l i g h t  weight metal substrate,  e.g., 
titanium, and the increased r e l i a b i l i t y  o f  the  c e l l  package were other 
hprovements. 

One 

Advances were a l s o  made i n  lowering the  cost  of these ce l l s .  Elec- 
t rop la ted  gr ids  show promise a s  replacements f o r  the expensive electro- 
formed meshes. The evaporant, or iginal ly  single c rys t a l  chips, i s  now 
raw powder. A large number of ce l l s  o f  various s izes  were produced ranging 
from 1 cm x 2 cm t o  the  6 inch x 6 inch ce l l s .  
these were sent  t o  the  National Aeronautics and Space Administration f o r  
t e s t ing  and evaluation. 

A substant ia l  number of 

-2 - 



It is e-xpectnd that. t he  results o f  these tests wi l l  indicate fur ther  improve- 
ments especially i n  the c e l l  package design. 

The established radiation resistance, the constantly imprmhg 
efficiency, the high power t o  weight r a t io ,  and t h e  low cost make the  t h i n  
fi lm CdS flexLble solar cel l  t he  brightest prospect i n  t h e  s o l a r  c e l l  f i e l d .  

-3- 



CELLS DELIVERED DURING CONTRACT 

nuring this so la r  c e l l  contract over 300 cells were delivered t o  the 
National Aeronautics and Space Administration. These c e l l s  were fabricated 
t o  demonstrate the s t a t e  o f  the a r t ,  and t o  be used in performance tests. 
A f e w  general comments can be made concerning these ce l l s .  

Among these cells seventeen 61' x 61' c e l l s  a re  the  la rges t  known indi-  

Eight 611 x 611 arrays were also fabricated from f o u r  individual 3" x 
One 

vidual  so la r  cells  ever made. 
cells .  
3" c e l l s  connected in series o r  para l le l  and laminated i n  one package. 
hundred forty-six individual 3" x 3" c e l l s  were delivered along with one 
hundred thir ty-eight  1 x 2 cm ce l l s .  
d i f f e ren t  sizes were constructed f o r  various purposes. 
above cells were f r a n t  wall c e l l s  fabricated on f l ex ib l e  substrates. 

Figure 2 i s  a photograph of typ ica l  6" x 6'1 

Several dozen mechanical samples o f  
The majority of  t he  

Most of the c e l l s  were over 2.5% e f f i c i en t  with several  over 3%. 

The highest power-to-weight r a t i o  

The 
highest efficiency la rge  area c e l l  delivered was 3.52%. 
eff ic iencies  are now being attained. 
demonstrated i n  these c e l l s  was twenty-cight watts per pound. 
was used t o  calculate efficiencies.  

However, higher 

The gr id  area 
Cells were tes ted  under tungsten lamps. 

Many of these ce l l s  are being used i n  an environmental tes t  program 
now i n  progress a t  t he  National Aeronautics and Space Administration, Lewis 
Research Laboratories. 

EVAPORATION EQUIPMENT M O D I F I C A T I m  

The object of modifying the  evaporation equipment was, not only t o  
provide more uniform CdS films, but a l s o  t o  produce larger  films. 
though a 6" x 611 area was chosen, i t  does not mean t h a t  t h i s  i s  the  optimum 
c e l l  s ize .  
the  only l i m i t  on area would be chamber s i z e  and filament position. 
achieve these goals the filament, the substrate heater, and the  substrate  
holder designs were studied and modified. 

Even 

If films o f  thir ty-s ix  square inches could be handled, then 
To 

Filaments 

lum filament developed f o r  the evaporation of S i0  was first 
evaluated. A taypfrT S i 0  and CdS both vaporize without going through the melt 
phase. 
unvaporized par t ic les  t ha t  get  blown o f f  of the  surface of the  charge as 
it vaporizes. This filament was designed t o  force the vaporized material  
t o  en te r  a chimney through s m a l l  holes. The vapor exits through the top 
of t h e  chimney and i s  directed t o  the substrate.  Thus par t ic les  must pass 
through the small holes, and then make a 90' turn before s t r ik ing  the  sub- 
s t r a t e  and causing pin holes i n  the evaporated film. 
vents the impingement of s m a l l  unvaporized par t ic les  on the substrate, and 
reduces pin holes and splat ter ing.  

Precautions must be taken t o  eliminate s p l a t t e r  caused by small 

T h i s  effect ively pre- 



In evaluating t h i s  filament i t  should be pointed out t h a t  it provided 
high evaporation rates,  and produced l i t t l e  sp la t te r .  However, the evapor- 
ation r a t e  was not constant and depended on the amount of charge remaining 
i n  the  filament. 
t o  use a very large substrate-to-filament distance. T h i s  resulted i n  much 
wasted evaporant. In s p i t e  of t he  lsrge separatioc of filament and sub- 
s t r a t e ,  the evaporated films-were s t i l l  not very uniform. The variation 
over the  6" x 611 areas was i n  excess of 30%. 

To approach uniformity over 611 x 611 areas it was necessary 

Therefore, from the above experiences, and because the  Si0 filament had 
a l imited l i f e ,  another filament type seemed necessary. 

A group of four filaments was found adequate f o r  the evaporation of 
CdS on a 611 x 6" substrate. 
posit ions t o  give a uniform deposit over the  6" x 611 substrate area. 
f i laments are  constructed of  tantalum cylinders %I1 i n  diameter ,  and 3-3l 
long. 
i s  t o  place the  filaments on centers equal t o  the substrate sides, i n  t h i s  
case on 611 centers, t he  substrate t o  filament distance i s  adjusted t o  
75% of the  six inches. This basic method did not hold t rue  here because 
t h e  filaments served as  collimated sourcss.  Therefore, the f i n a l  distances 
were adjustments made by t r i a l  and e r ro r .  
on 4" centers, w h i l e  the  best  substrate t o  filament distance i s  9.2 inches. 
Figure 1 shows the  filament configuration with the  heat shields removed f o r  
eas ie r  viewing. 

This design permits adjustment of the fi lament 
The 

The basic procedure used f o r  achieving uniformity over large squares 

The four  filaments are positioned 

The filaments are  wired i n  series t o  enable the changing of  individual 
filaments without disturbing the other three. 
drop i s  minimized, thereby permitting the  power t o  be more e f f i c i en t ly  coupled 
t o  the  filaments. 
a l l y  estimated power, or  a l i t t l e  more than 2 kw is  required. 

Most importantly, t h e  l i n e  

It has been found tha t  only about one-half of the  origin- 

I n  order t o  conserve power and also reduce t h e  heat radiated t o  the  be l l  
j a r ,  tantalum ref lectors  o r  shields were ins ta l led  adjacent t o  the  filaments. 

To minimize the splat ter ing,  quartz wool plugs were placed i n  the  open 
end of the  filaments. 
There was a reduction i n  the evaporation r a t e  and the  f i l m  thickness. 

These plugs were effect ive i n  reducing the splat ter ing.  

The quartz wool plugs are not qu i t e  adequate when used alone. 
screens of f i v e  m i l  molybdenum are used a s  caps t o  hold the  charge in the 
boat. These caps are attached t o  the heat shields mentinned above. This 
procedure has effect ively eliminated t h e  sp la t te r .  
raw power i s  being used as an evaporant. 

Etched 

Since t h i s  development, 

Substrate  Heater and Holder 

Originally the substrates were heated by radiation by means of a moly- 
bdenum s t r i p  resistance heater placed ju s t  above the substrate.  
t ransfer  was not a s  e f f ic ien t  as desired and a new heater design was sought, 

The heat 
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FIGL%E 2 

6" x 6" CdS ;r;iOhT WALL 
SOLAR CELL 
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FIGURE: 3 

SUBSTR4TE HEATER A 

2 

D HOLDER. 

BULKHEAD FEEDTHROUGHS 
FOR SUBSTRATE HEATER. 
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I n  an attempt t o  obtain more uniform heating of the  substrate,  several 
experiments were made using the substrate t o  supply i t s  own heat by passing 
current  through it. 
a t  t h e  edges of t he  large substrates acted as heat sinks producing an un- 
wanted temperature gradient across the substrate.  
f o r  by t a i lo r ing  the  geometry of t h e  substrate. 
inaccurate tha t  another s u b s t r a s  heater was developed. 

T h i s  did not prove successful because t h e  contacts 

This was compensated 
However, t h i s  proved so  

heat source chosen was an immersion heater enclosed i n  an incology 
sheath. T!8 Figure 3 shows the  f i n a l  design of t he  substrate heater and 
holder. 
base plate .  
contains a 1.5 k.w. heater. The cold ends of t h e  heater are  28-4" tubes, 
which act as  t h e  ve r t i ca l  supports, and feed-throughs f o r  t h e  base plate.  
The bulkhead seals are  made with flexible conduit seals  which can be seen 
i n  Figure 4. 
self-supporting and adjustable in height. 

The heater was formed i n t o  an 11" diameter  c i r c l e  pa ra l l e l  t o  t h e  
The major length (27-311 of  the 3311 circumference) of this c i r c l e  

As a result of this construction, the substrate heater i s  both 

Figure 3 shows the  substrate heater clamped t i g h t l y  t o  the  substrate 
holder which i s  a 
The substrates, which are s l igh t ly  larger than 6" x 611, cover the  opening 
and a r e  backed with another aluminum plate.  
t o  t h e  substrate holder. In order t o  improve the  heat transfer,  t he  back 
of t h e  substrate and the  f ront  of the back-up p la te  a re  covered with a black 
dag. 
molybdenum substrate and the  aluminum holder, some buckling was produced i n  
the  substrate  during evaporation. 
be completely eliminated by using a graphite coating between the substrate  and 
the substrate holder. 
during expansion and contraction. 

aluminum p la t e  with a 611 x 611 square hold i n  the  center. 

The back-up p la te  i s  also bolted 

I n i t i a l l y ,  because of the  difference i n  the thermal expansion of t h e  

It was discovered t h a t  the  buckling could 

T h i s  allows t h e  two metals $0 s l i d e  against each other 

T h i s  substrate  heater is  much more e f f ic ien t  than the radiation type. 
It requires about one-fourth the  amount of  power t o  heat the substrate t o  
a given temperature. 

E7APORATION INATERIAL 

Microscopic Analysis 

When. t he  evaporated CdS f i l m  c e l l  evolved from the  C d S  single c rys t a l  
cell  t h e  material  used as an evaporant was s ingle  c rys ta l  chips. 
it was discovered possible t o  use sintered polycrystall ine material  as  an 
evaporant. 
several. manufacturers has been t r ied ,  but only the  General Elec t r ic  material  
has been handled sa t i s f ac to r i ly  by t h e  present filaments. 
there  was considerable sp la t te r ing  on the films. T h i s  splat ter ing I s  due t o  
grain s i z e  as i s  shown in the following comparison. 
by microscopy were: 

Subsequently 

Powder supplied by 

With other materials 

Now, raw powder has been found t o  be suitable.  

The grain sizes as found 

General Elec t r ic  Powder: 

Range = less than 1 micron t o  3 microns 

-8- 
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evident t h a t  there 
various materials. 
materlal  were xade 
Certainly, because 
a t ion  process, and 
occurs during f i lm 

X-Ray Analysis 

Thin films of 

a re  no significant differences i n  impurities f o r  the  
Both the sintered material and the  s ingle  c rys ta l  

.."4 ,~,,,g m t h e  General Electf-ic powder IS a starking material, 
of  the  complete dissociation tha t  occurs i n  the evapor- 
t he  vapor pressures preselit, some fu r the r  purif icat ion 
deposition. 

the materials were deposited by use of  the  standard 
evaporator. 
respective heaters were similar t o  tha t  previously reported. 
made t o  keep evaporating techniques constant. 
ments was t o  determine what changes i n  f i l m  structure,  i f  any, could be 
a t t r i bu ted  t o  t he  CdS source material. 
several  forms of  CdS are  su i tab le  for  evaporating fi lms. A pr ior i ,  CdS 
should evaporate and deposit i n  a manner which i s  Fndependent of preparation. 
However, differences i n  impurity content, pa r t i c l e  s jze ,  and other chemical 
o r  physical properties, may effect  changes i n  the deposited films. 

The geometry of the  vapor source, t he  substrate,  and t h e i r  
Efforts were 

The purpose o f  the  experi- 

If noticeable e f fec ts  a r e  absent, 

Films o f  the  various Cas sources were evaporated on glass  and molybdenum 
substrates  which i n  turn were studied by x-ray techniques. 
a t ion onto molybdenum a glass  substrate was included s o  t h a t  the  f5lm on 
the  glass could be used f o r  r e s i s t i v i ty  and H a l l  measurements. 
molybdenum were used l a t e r  fo r  cell  fabrication. 

For each evapor- 

The films on 

After t he  evaporated CdS films were prepared, they were examined by 
x-ray procedures f o r  l a t t i c e  spacing changes, orientation, and r e l a t ive  
c r y s t a l l i t e  s ize .  The data have been assembled i n  Table 11. It may be 
noticed tha t  t he  d spacings of the (002) planes are  constant a t  3.359 + 0.0lf. 
The (002) planes ;re nearly para l le l  t o  the  substrate and s m a l l  differences 
i n  spacings may be caused by film thicknesses, s t r a in ,  measurement error,  
and defect content. 
alone. The peak in tens i ty  o f  (002) i s  measured i n  a number of  planes, o r  
c r y s t a l l i t e s  oriented pa ra l l e l  t o  the substrate. Many variables can change 
t h i s  orientation. The General Electric s intered powder evaporated on glass  
substrates  appears t o  give the  best orientation. However, t h i s  could be 
for tui tous.  It i s  known t h a t  biaxial  or ientat ion occurs i n  CdS fi lms. 
More complete pole figures a re  needed t o  confirm the resul ts .  The width 
a t  half  maximum f o r  (002) may be taken as an indication of c r y s t a l l i t e  s i z e  
i n  a direction perpendicular t o  the substrate.  Larger widths correspond t o  
s m a l l  c r y s t a l l i t e  sizes. Here again the range of observed widths i s  quite 
scattered.  Definite correlations a r e  d i f f i c u l t  t o  form.  

No specif ic  data can be correlated with the source 

The widths are also influenced by s t r a in  and other defects which a re  
always present i n  the films. In  conclusion, the  l imited data given here 
shows no outstanding differences which may be a t t r ibu ted  t o  the  or iginal  
source of t he  CdS. 
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EVAPORATED FILMS 

Oniformitv 

To determine the  thickness prof i le  o f  the  6" x 6" films detai led 
measurements were made on two films. The f irst  f i lm had the  CdS removed 
from the  substrate a t  nine spots and the thickness was measured. 
thickness was found t o  vary from 1.5 t o  2 .1  mils. 
was removed, collected, and weighed. On t h e  bas i s  of t o t a l  weight and 
t h e  area covered, t h e  thickness was  found t o  be 1.7 m i l .  
had i t s  deposit measured by using a microscope t o  determine t h e  thickness 
of t h e  CdS a t  t he  edges of several holes placed i n  the f i l m .  
ness was found t o  vary f r o m  1.7 t o  2 .1  m i l s  by t h i s  method. 
types of  measurements a re  destructive, subsequent films were only checked 
with a surface gauge. 
t h e  production of good films. About eight per cent of t he  t o t a l  filament 
charge was  collected on the substrate. If i t  is  desired t o  col lect  more 
of t he  charge, the  r a t e  of evaporation must be increased. 
f o r  t h i s  i s  described elsewhere. ( h )  

The C d S  
Then a l l  of  the  CdS f i lm  

A second film 

The thick- 
Since these 

The uniformity seemed reasonable and suf f ic ien t  f o r  

The explanation 

Elec t r ica l  Properties 

The e l ec t r i ca l  properties of t he  evaporated CdS films were examined. 
These properties included res i s t iv i ty ,  mobility, and ca r r i e r  concentration. 
An attempt was ma3e t o  r e l a t e  these properties t o  substrate temperature, 
s t a r t i n g  material, and c e l l  operation. 

A series o f  evaporations were run a t  various substrate temperatures t o  
Table I11 shows the r e su l t s  o f  see what effect  this has on c e l l  operation. 

t h i s  se r ies .  The standard substrate temperature, a t  t h i s  time, was 
approximately 22OoC. 
s t r a t e  temperature had r e s i s t i v i t i e s  i n  the lo3 ohm-cm range. 

Most o f  the  films formed o r  condensed a t  t h i s  sub- 

F i r s t ,  it should be pointed out t h a t  the material  evaporated i s  un- 
doped CdS. Therefore, any variations i n  r e s i s t i v i t y  probably comes from 
non-stoichiometry. This i s  evident i n  the l o w .  r e s i s t i v i t y  fi lms achieved 
by evaporation a t  l o w  substrate temperatures. These films are  very dark 
i n  appearance which indicates  a large cadmium excess. It i s  of  i n t e re s t  
t h a t  the  substrate temperature normally used ( 22OoC) gives the highest 
r e s i s t i v i t y  films. 
density. In t h i s  par t icular  series 25OoC yielded be t te r  ce l l s .  Subsequent 
t e s t s  have shown 22OoC i s  a s l ight ly  be t te r  temperature. 
t o  be a range of 25 o r  3OoC tha t  yields very similar resu l t s .  

However, it also appears t o  give ce l l s  with high current 

However there  seems 

Pertinent t o  t h i s  question are some series resistance calculations 
made on CdS f i lm cel ls .  The I-V curves of the 6" x 611 cells show a series 
resis tance of 
Comparing the 
t i v i t y  o f  the  
culations f o r  
resul ted i n  a 

about 0.1 ohm w h i l e  the  1" x 3" ce l l s  show about 1 ohm. 
two sizes on a basis o f  area and thickness, the bulk resis- 
CdS film could be the cause of t h i s  s e r i e s  resistance.  Cal- 
t he  one ohm se r i e s  resistance of one par t icu lar  1" x 3" c e l l  
bulk r e s i s t i v i t y  of 3 x 103 ohm-cm; while the  one-tenth ohm 
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SUBSTRATE RESISTIVITY RESISTIVITY CELL NO. 
TEMP. ( i n  dark 1 ( i n  l i gh t  l5Oft ocv SCI m. 
(OC . ) hour) (ohm-cm) candles) (Ohm-cm) ( v o l t s )  (ma.) (%I 

140 375 200 

180 650 340 

220 5200 1300 

250 1300 330 

260 850 

x479 
X480 

X476 
x47 7 

X483 
x484 

0.42 12 N.c.* 
0.5 58 1 . 3  

0.48 36 0.8 
0.51 65 1.1 

0.49 124 2.2 
0.5 116 2.4 

0.52 124 2.8 
0.52 120' 2.6 

230 X468 0.5 104 2.0 
X469 0.5 88 1.8 

The material was the same f o r  a l l  films (Sintered CdS G.E. material, 0-122) 

Resis t ivi ty  measurements were made on a pyrex s l i d e  t h a t  was evaporated 
a t  the  same time a s  t h e  film on molybdenum. 

*N.C. = not calculated, very low. 



series resis tance on a 611 x 6” ce l l  yielded a bulk r e s i s t i v i t y  of 5 x 10 3 
ohm-cm. 
As seen from Table 111, bulk r e s i s t i v i t i e s  ir; the l d  ~h.n-cm range wocld 
be expected f o r  the  substrate  temperature a t  which these fi lms were 
evaporated. 
bulk r e s i s t i v i ty ,  or not, i s  t o  be determined. Further comment on this 
w i l l  be found l a t e r  i n  t h i s  report. 

These films were evaporated a t  a substrate  tmpera ture  of 220OC. 

Whether t h i s  c e l l  ser ies  resistance can be related t o  the  

The r e s i s t i v i ty ,  mobility, and ca r r i e r  concentration, were measured 
using fi lms made f rom the  various source materials. 
resu l t s .  
However these films had s o  much sp la t te r  t h a t  t h e  thickness measurement 
used i n  the calculation of resistivity was very inaccurate. The s ingle  
c rys t a l s  were doped i n  the 1 t o  10 ohm cm. range and therefore the  f i lms 
have about the  expected res i s t iv i ty .  
gave fi lms with r e s i s t i v i t i e s  a factor  of t en  lower than the  General Electric 
powder. 

Table IV displays the  
The fi lms from Sylvania powder seem t o  show t h e  lowes t  r e s i s t i v i ty .  

The General Elec t r ic  sintered material  

The mobili t ies a re  i n  the expected range. The me exception i s  the  
Eagle Pitcher material which gave films of high mobility. 

No s ignif icant  differences were noted i n  open c i r c u i t  voltages, o r  
short  c i r c u i t  currents f o r  any one group ,f cells  from the  same material. 

One property t h a t  did vary was  t h e  shunt resistance.  To evaluate . this  
property t h e  value of  shunt resistance obtained from the  I-V curves was 
multiplied by the ce l l  area since t h e  c e l l  areas varied from 1 2  cm2 t o  210 
cm2. T h i s  normalized value of shunt resistance ranged f rom 100 ohm cm2 t o  
31 x 103 ohm cm2. It i s  f e l t  that  t h i s  great var ia t ion i s  due t o  t h e  f i l m  
structure, and i n  par t icu lar  t o  the p a r t i a l  shorting paths such as  pin holes, 
grain boundaries, etc.. There was no correlation between shunt res is tance 
and source material. 

The ser ies  resistance i s  of special  i n t e re s t  s ince a decrease o f  this 
property would mean an immediate increase i n  c e l l  efficiency. 
above, there appeared t o  be some indications t h a t  c e l l  se r ies  res is tance 
might be correlated t o  the  bulk r e s i s t i v i ty  o f  the film. However, a f t e r  
t he  values were adjusted by using the c e l l  areas t o  obtain a common figure,  
no correlat ion was evident. 
The film r e s i s t i v i t i e s  ranged f r o m  0.6 ohm c m  t o  14 x lo3 ohm cm. If much of  
t h e  series resis tance o f  the  c e l l  is  due t d  the bulk r e s i s t i v i t y  of  the film, 
i t  will be very hard t o  separate it f r o m  the  t o t a l  se r ies  resistance.  

A s  mentioned 

The ser ies  resistance varied f r o m  6 t o  25 ohm cm2. 

WEIGHT REDUCTION 

One o f  t he  advantages of the f lex ib le  f ron t  wall CdS solar  c e l l  over 
present solar  ce l l s  i s  i t s  l i g h t  weight. 
f i lm c e l l s  has not exceeded S.S%, they a re  l i g h t e r  than high efficiency c e l l s  
and can del iver  more power per unit of weight. 
been demonstrated several  times on large area ce l l s .  
increased i n  many ways. 

Even though the  efficiency of  CdS 

Thirty w a t t s  per pound has 
This r a t i o  can be 

The most obvious way i s  t o  reduce t h e  overal l  weight 
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by reducing the substrate weight and the  C d S  film thickness. 

Substrates 

When the  CdS polycrystalline f i lm  c e l l  was f i r s t  reduced t o  practice it 
was found t h a t  f a i r l y  thick films in the order of 2 t o  4 miles were required. 
To promote adherence i t  was believed t h a t  evaporated films would have t o  
be l a i d  down on substrates t ha t  closely matched the  thermal expansion o f  
CdS. For t h i s  reason, the  f i r s t  rear- w a l l  f i l m  c e l l s  were made on pyrex 
g lass  substrates.  
substrates ,  
expansion coefficient.  
subs t ra te  materials. Table V l i s t s  these materials and t h e i r  properties. 

The f irst  f ront  wall f i l m  c e l l s  were made on molybdenum 
Both of these substrate materials match CdS closely i n  thermal 

Several m e t a l s  have been used o r  considered f o r  

1, Molybdenum 

Two m i l  molybdenum has been used f o r  most  of t he  f r o n t  wall CdS 
f i lm  c e l l s  produced thus f a r .  
t h e  two m i l  molybdenum i n  the past, but it presents problems. 
taken t o  avcid any kinks o r  folds  i n  tne f o i l  during processing. 
serious problem i n  preparing one mil molybdenum f o r  large area substrates 
i s  t h e  condition of the material as  supplibd. 
f u l l  of dents and folds .  Recently evidence has been accumulated t h a t  the  
t h i n  f o i l  does not etch i n  the same manner as the t w o  m i l  f o i l .  This seems 
t o  indicate  t h a t  $he interface between t h e  GdS and the  molybdenum i s  different 
f o r  t h e  two thicknesses. 

One m i l  molybdenum has been subst i tuted f o r  

The most 
Care must be 

Much o f  the material i s  already 

2. Invar and Kovar 

Some Invar "361' has been used as a substrate material. Very l i t t l e  
curl ing was noted i n  the ce l l s ,  indicating a minimum of  thermal expansion 
mismatch between the  CdS and t h e  Invar. Some very excellent ce l l s ,  over 
3.5% have been produced on th i s  substrate, however, the  y ie ld  has been very 
low. Most of the  time the  ce l l s  are poor,  o r  t he  adhesion has not been 
sa t i s fac tory .  
with "03  and with HF i s  e r ra t ic .  
may be twice t h a t  o f  another piece. 
an etching procedure f o r  the  metal. 
i s  being studied. 
Kovar and Invar have the  drawback o f  being magnetic which would rule out 
t h e i r  use on a sc i en t i f i c  s a t e l l i t e .  

One problem has been the  etch ra te .  The reaction of  Invar 
The r a t e  o f  reaction with one tes t  piece 

This makes it d i f f i c u l t  t o  formula te  
The reason f o r  t h i s  var ia t ion i n  r a t e s  

Kovar has been found t o  be very similar t o  Invar. Both 

3. Tungsten 

Good c e l l s  have been produced on t w o  m i l  tungsten. Although t h e  
thermal match between CdS and tungsten was b e t t e r  than t h a t  between CdS and 
molybdenum, the  tungsten i s  very dense, 19.3 g/cm 3 . 

4. Niobium 

Niobium produced by ordinary ro l l i ng  and by Sendzinir processing 
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TABLE V 

PROPEXTIES OF PCGSIBLE METAL SUBSTRATE MATERIALS 

Coefficient of Electrical 
Thermal 9ansion Resis tivity Density 

Material ("c x 10 )* (Micro-ohm cm) ( g/cm2) 

Mo 4.7 to 5.8 5.2 10.2 

Invar 1'3611 1.2 to 4.9* 02.0 8.1 

Invar f r4P  4.6 to 4.9* 72.0 8.4 

Ag 20.2 1.6 10.5. 

Ta 6.6 12.4 16.6 

Zr 

T i  

6.1 

9.4 

4.5 
47.8 

6.5 

lr.5 

w 4.6 5.5 19.3 

N-b 7. 5 13.1 8.6 

Zn 34 to 39 6.0 7.1 

V 7.8 (from 0 to 4OoC) 24.8 6.0 

cds (11) 4 (at 25OC) 
c* ($1 6 (at 25OC) 

* Over.the range 20 to 300°C, except where otherwise noted. 

iw Values auppUes by manufacturer. Other materials as listed in 
Amer. Inst. of Phyaics,Handbook (1957 Ed.) 
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has been used. 
covered tha t  w i l l  promote the adherence of the CdS. 

No cleaning, etching, or surface conditioning has been dis- 

5. Zirconium and Tantalum 

Zirconium and tantalum have been worked with, but with l i t t l e  or  
no success. 
of t he  film tha t  forms on the  surface of  these metals. The adherence t o  
these metals i s  very poor. 

The problem seems t o  be the removal and prevention of reformation 

6. S i lver  and Zinc 

Some metals can be used successfully even though they do not match 
the thermal expansion of CdS provided they are  so f t  o r  f a i r l y  ductile. 

Good ce l l s  have been made on both one m i l  zinc and one m i l  s i lver .  
The adherence of the CdS was not as good as it was t o  molybdenum, but it was 
suff ic ient  t o  enable the fabrication of several ce l l s .  

7. Titanium 

Titanium i s  of in te res t  because of i t s  very l o w  density (4.5 g/cc). 
Un t i l  recently titanium was i n  the  same class  as zirconium and tantalum. Now 
an etch method has been developed f o r  t i t an iumtha t  i s  reasonably successful. 
It i s  not the ultjmate answer. 

The etching of a metal t o  be used as a substrate should do two things; 
first, clean it, and second, roughen the surface. 
tha t  the  surface be uniformly etched, although this i s  not always essential .  
The surface should be f r ee  from a l l  contaminants and oxides so tha t  the CdS 
can bond well  t o  it. 
Usually a great deal i s  not any bet ter  than a moderate amount. 
these points, there i s  no other cr i ter ion f o r  deciding when a surface i s  w e l l  
etched. I n  the f i n a l  analysis it i s  the adherence t o  the CdS t ha t  determines 
whether the surface preparation i s  adequate. 

It would a l so  seem desirable 

The amount of roughening necessary i s  hard t o  gauge. 
Aside from 

Film Thickness 

As stated above, one method of increasing the power-to-weight r a t i o  of 

However, 
th in  f i l m  photovoltaic c e l l s  is  t o  decrease the weight of the cel ls .  
part of the weight of the CdS t h i n  f i lm c e l l  i s  i n  the substrate. 
it has been found tha t  molybdenum and other metal f o i l  substrates,  when 
reduced i n  thickness, give excessive curling of the CdS film-substrate combi- 
nation, 
must be approximately the same thickness. 

A great 

I n  order t o  minimize the curling, the CdS f i lm and metal substrate 

Thus, the key t o  higher watts per pound by l ighter  weight construction 
seems t o  be the successful use of thinner CdS films. 
CdS films, i n  the range of 0.00311 t o  0.00511, were needed because thinner 
films gave excessive shorting between the ba r r i e r  and the substrate. A s  

A t  first, very thick 
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improved vacuum evaporation procedures, and improved methods of cleaning 
the s-&st;rates were developed, the CdS film t,hi.ckness was successfully 
reduced t o  approximately one mil. The most important fac tor  i n  making films 
of t h i s  thickness suitable f o r  cel ls  i s  the elimination of sp l a t t e r  which 
causes pin holes. With the present s t a t e  of the a r t  it appears that  one 
lnil CdS is about as th in  a f i l m  that  can be made in to  a good solar ce l l .  
Most Likely the limiting fac tor  i s  the bar 

not employ electroplating. 
o r  superior t o  the  electroplated barrier i n  regard t o  lifetime, radiation 
resistance, moisture degradation, etc; and w i l l  soon supplant the electro- 
plated barrier.  If this is accomplished, it i s  cer ta in  that  thinner films 
of CdS can be used. 

r formation method. Recently 
a new and higher efficiency bar r ie r  method @7 has been developed tha t  does 

It is  hoped tha t  t h i s  new bar r ie r  w i l l  be equal 

CdS-SUBSTRATE CONTACT 

The film c e l l  displays some series resistance t h a t  i s  not due t o  the 
col lector  electrode, but i s  i n  the barrier,  i n  the bulk material, o r  i n  the 
contact between the %I1 type CdS and the  substrate. 
examine the l a t t e r  area. 
ohmic contact could be made -to the  CdS, and then the contact of  the CdS t o  
the metal substrate would be examined. After some data  was accumulated on 
the ohmicity of the  contact between CdS and various substrates, an e f for t  was 
made t o  r e l a t e  these contacts t o  c e l l  operation and efficiency. The(gyera1 
pat tern of tes t ing  involved applying circular  indium-mercury amalgam 
electrodes ( 2  mm diameter) t o  the surface of the CdS film. 
i n  these measurements was ei ther  t h e  substrate or  another In-Hg spot. 
I-V curve of these two terminals was displayed by a standard c i rcu i t :  

It was decided to  f i rs t  
The method employed was t o  make cer ta in  that an 

The other terminal 
The 

A.C.B. Sample 1 P  

I Resistor 

I n  order t o  accumulate fur ther  evidence tha t  the In-Hg electrode was 
ohmic t o  the CdS film, a portion of the f i lm was removed from the molybdenum 
substrate and two of the In-Hg contacts were applied. 
f lakes  which cracked away from a typical substrate were too small t o  be 
prac t ica l  f o r  t h i s  purpose. 
substrate by using an evaporated Victawet fi lm between the CdS and molybdenum. 
Thicknesses of 400 8, 200 8, and 100 8 of Victawet a l l  f ac i l i t a t ed  removal of 
CdS when t h e  f i l m  and substrate were immersed i n  water. 

It was found that 

Larger samples of films were freed from the 
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Two In-Hg electrodes on the ttfronttl surface of a CdS flake had a linear 
I-V curve. 
between an electrode on the  ttfronttl of a f lake and another electrode on the 
back of the  f l a k e  ( the  back being t h e  s ide toward the substrate). 

Some c*;-~at*we ir; the I-TJ trace vas mticed  a t  0.3 7 peak-to-peak 

When the  electrodes are  both applied t o  the back of the  flake the I-V 
trace indicated two symmetrical non-ohmic contacts. 
tha t ,  In-Hg gives an ohmic contact t o  the f ront  side of a CdS film, but f o r  
soam unknown reason gives a s l igh t ly  non-linear contact t o  the backside. 
the subsequent tests its use was confined t o  the f ront  side. 

Therefore it appears 

In 

To show up small non-linearities i n  the I-V curves of t h e  CdS on dif- 
fe ren t  substrates a bridge c i r cu i t  had t o  be used. 
is shown below.) 

(An i l l u s t r a t i o n  of this 

r I 

# A.C.V. 

Which can be redrawn 
(mor e 8 c hematic a 11y) 

~- 

A.C.V. 

The lower branch of t h i s  c i rcu i t  (when S2 = 0 and R -c open) i s  l i k e  
the  ordinary I-V circuit where the. current is  indicated by t h e  voltage across 
S Here, S1 performs a function analogous t o  that 
o an aaweter shunt. When S 
equal t o  zero o r  in f in i ty ,  t i e  upper branch i s  similar t o  the lower branch 
except t h a t  the  sample is replaced by a variable res is tor ,  R. 

then the  t r ace  on the scope w i l l  be a s t ra ight  l i n e  whose slope depends on 
the  value of R. 
t he  value of R equals the  resistance of t h e  sample. 
curve a t  the  origin can be measured by se t t ing  R so tha t  the corresponding 
portion of the bridge curve i s  horizontal. 
I-V curve is then 1. 

i n  series wlth the  sample. 
is not equal t o  zero or  i n f i n i t y  and R is  not 

In the case when SI d S2 and the sample i s  an ohmic ( l inear )  res i s tor ,  

I n  particular,  the t race  will be a 'horizontal l i ne  when 
The slope of the I - V  

The slope of tha t  portion of the  
Even if SI S2, we can s e t  up a s i tua t ion  similar t o  

K 
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t ha t  above by adjusting the r a t io  of R and S2 properly, 

ohnricity t o  evaporated CdS were molybdenum, s i lver ,  gold, zinc, and invar. 
Some interface materials were also t r ied.  
100 ft thick, evaporated on.0.002 molybdenum. 
the  interface layer under t h e  standard conditions. 

Some of the substrates used in these measurements t o  determine the 

These were th in  films, 50 8 t o  
The CdS was then deposited on 

The first contact measured was t ha t  of CdS t o  Mo. It was not completely 
linear. 
slope of the small signal  curve before the curving due t o  the  non-linearity of 
t h e  contact i s  reached. 
peak values. 

Table  V I  lists the ser ies  resistance, which i s  calculated f romthe  

The range of the non-linearity i s  l i s t e d  i n  peak-to- 

As can be seen from Table V I ,  a CdS f i lm with a zinc substrate and an 
In-Hg contact shcwed a Unear  I-V curve. 
as thermal expansion, molybdenum substrates are superior t o  zinc substrates. 
The above s i tua t ion  suggested the use of a t h i n  f i lm of zinc between the 
molybdenum and the Cds. 

I n  other important aspects such 

Zinc films were applied t o  molybdenum substrates by vacuum evaporation 
i n  two thicknesses, 40 and 100 g. Then CdS was evaporated on the  zinc layer. 
I n  each case two of t h e  experimental substrates were coated along with one 
of a standard substrate f o r  control. 
intermediate layer  w a s  t es ted  w i t h  an In-Hg contact. 
i n t o  a cell along'with the  control film. 
zinc layer gave an ohmic contact between the substrate and the CdS, and 
ra ised the  cell efficiency. 
a black CdS layer. 
evaporated on so l id  zinc substrates. 
appr-tely three times the resistance of the thinner one. 
this is not known, but it may l i e  i n  the wide experimental errors  involved. 

One of each pa i r  of the films with the 

Under best  conditions, the 50 8 

This darkening is found i n  some instances when CdS is 

The other was processed 

Occasionally, the zinc intermediate layer yielded 

The thicker zinc inter layer  f i lm had 
The reason f o r  

Indium, cadmium, and t i n  were also t r i e d  as an intermediate layer. The 
r e su l t s  were less encouraging. 
tacts between the  substrates and the CdS films. As with  the zinc interlayers,  
these gave widely varying resistance values f o r  the two different  thicknesses, 
but usually much higher than  was measured f o r  zinc. 

I n  the spot t e s t s ,  they gave non-ohmio con- 

The c e l l s  fabricated from these films with various intermediate layers 
gave widely varying outputs and no clear  indication pro o r  con could be ob- 
tained from the data. 
appears l i ke ly  t h a t  an evaporated intermediate metal layer i s  inherently too 
variable in qual i ty  under the  CdS evaporation conditions t o  give consistent 
resul ts .  

Quite a number of such c e l l s  were processed and it now 

Some films on the Imar fr36" substrates had o M c  contacts, and some had 
non-ohmlc contacts. 
usually s l i gh t ly  l e s s  than tha t  of the zinc coated molybdenum substrate films. 

The low signal resistance of the CdS-Invar contact was  

In  sunnnary, cer tain conclusions can be drawn from the above experiences. 
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TABLE V I  

TYPICAL VALUES FOR CdS TYPE CONTACTS TO 
V A R I O E  SUBSTRATES AND INTEXFACE MATERIAIS 

Resistance from Range of Substrate or 
Interface Material Small Signal Slope Non-linearity 

Mo 1.5 ohms 0.2 volts  (p-to-p) 

Zn 

Ag. 

0 

5OA Zn or Mo 

501 ~n or MO 
5OA Sn or Mo 

SO! Cd or Mo 

0 

0 
lOOA Zn on Mo 

lOOA In on Mo 

100i Sn on MO 

lOOA Cd on Mo 

0 

0 

0.3 

2.4 

2.0 

2.8 

27 .O 

1000 .o 

50 .o 

8.3 

6.0 

40 .O 

100 .o 
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The substrate materials tha t  gave ohmic or nearly ohmic contacts t o  CdS 
seemed t o  produce very s l igh t ly  bet ter  photovoltaic ce l l s .  
i s  no indication of two opposed junctions i n  any of the I - V  curves of the 
cells themselves, and since the non-linearities measured were very small, it 
seems probable t h a t  the contact ( a t  l eas t  i n  t h e  cases measured) had l i t t l e  
effect on c e l l  efficiency. The series resistance due t o  the contacts w a s  
so small when calculated over a large area tha t  it was concluded tha t  the 
CdS t o  substrate contact i s  not a very great fac tor  i n  c e l l  operation. 

However, there 

CELL TESTING 

The CdS c e l l s  are  tes ted by using the  c i r cu i t  found i n  the section on 
CdS-substrate contact. 
tungsten lamps. 
t o  devise. 
the  cells tes ted  under it give approximately the same resu l t  they would i f  
t e s t ed  in collimated sunlight. 
tungsten and the  results are  compared. 
on different  days. 

The l i gh t  source is one o r  several  RF'L/2 photoflood 
Light sources that exactly duplicate the sun a re  impossible 

For t h i s  reason the intensi ty  of t h e  tungsten lamp is set so that 

Cells a re  periodically tested i n  sun and under 
Below i s  the data f o r  two ce l l s  tested 

Fromthese and other tests it appears t h a t  the simulated t e r r e s t r i a l  
sunlight f a c i l i t y  is reasonably accurate. 
greater discrepancies under the  tungsten lamp than others i s  at t r ibuted t o  
the non-uniform response of these ce l l s  t o  various colors. 
show enhancements due t o  the combination of cer ta in  wavelengths. 
the  tungsten l i gh t  seems t o  be as accurate as any available source f o r  the 
simulated tes t ing  of CdS ce l l s ,  

The f ac t  t ha t  some c e l l s  show 

some( ~ ~ l l ~ o ~ e v e r  

In  order t o  get a larger  and more accurate display of the  I-V character- 
istics of the  ce l l s ,  an X-Y p lo t te r  was placed i n  operation. 
provided t o  tes t  the c e l l s  llpassivelyll (using a varying external power source) 
and lkctivelyll  (using the  c e l l  t o  provide i t s  own power across a varying 
load). 
series resistance since these values are  calculated from the slopes of the 
charac te r i s t ic  curves. 
points on the  curves. 

Circuits were 

These large graphs of the I - V  curves have aided i n  studying shunt and 

It has also made it eas ie r  t o  locate the maximum power 
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I - V  CURVE ANALYSIS 

For most of t he  c e l l s  produced t o  date, the point of maximum power on 
the  I - V  curve has been located by calculating the product, I-V,  a t  a number 
of points u n t i l  a ma.ximun value i s  found. 

A method found useful by other investigators involves superimposing a 
family of hyperbolas of constant P = I V  on the I - V  curve. 
which is tangent t o  the I - V  curve corresponds t o  the highest power along the  
I -V  curve, and the  point of tangency is  the  maximum power point, 

T h a t  hyperbola 

A quick and simple approximation of the  optimum power point has recently 
been found. The lines V = Voc and I = Is, are  constructed, 
drawn through the intersect ion of the first two l ines  and through the origin, 
Where t h i s  t h i rd  l ine  crosses the I - V  curve is approximately the maximum 
power point. 
While t h i s  method is  approximate, it would be useful as a time saver where 
many cells were produced and data was t o  be accumulated t o  detect  changes in 
efficiency e.g. on a production line. 

A t h i r d  l i n e  i s  

This l i ne  corresponds t o  a load resistance of magnitude Voc/ISc. 

For an accurate determination of m a x i m u m  power P, and optimum load re- 
sistance, Rot of a solar c e l l  under given conditions, a curve of power versus 
load resistance may be plotted from data taken from the I - V  curve of the cell: 

P = V I ,  R = V .  
z 

It would be useful i f  an equation of P as  a function of R could be 
found analyt ical ly  or  empirically. For example, the equation might be used 
t o  determine how close an approximation V /Isc would be f o r  Roo 
possible analyt ical ly  t o  transform a simpyg equation like: 

It might be 

I = Io(exp(qv/kT)-l)-IL (8) 

i n to  an equation of P as  a function of R. 

A brief  evaluation was made of a prac t ica l i ty  of finding such an empirical 
equation. 
poss ib i l i ty  of tes t ing  hypothetical equations against t h i s  curve w i t h  the a i d  
of H a m h a w ' s  research computer was considered. 
resembles the curve of the expression P = 
generate values of this hypothetical curve. 
curve i n  Figure 5. While t h i s  approach t o  the problem appeared t o  be worthwhile, 
emphasis had t o  be shif ted t o  other m r e  f r u i t f u l  work. 

A plo t  of P vs. R i s  shown in the so l id  curve of Figure 5. The 

The experimental curve roughly 
The computer was used t o  

That data i s  shown as the dotted 

It is of continuing in te res t  t o  consider various equivalent c i r cu i t  models 
for a solar ce l l .  One model consists of a current generator shunted by a diode: 
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The output (IL) of the current generator is a function (usually assumed 
-ear) of the  in tens i ty  of the l i g h t  f a l l i ng  on the cel l .  The diode has an 
exponential character is t ic ,  (saturation current, I ). As a c i r cu i t  element, 
the functional relationship of current (I) and volgage (V)  of the model i s  
given by: 

I Io ( ~ X P  (q V/AkT) - 1) - IL 

where q 
lute temperature, and A i s  a parameter given as equal t o  unity by the  early 
diffusion theory of the s i l icon cel l .  

mathematiualmodel t o  plots  of experimental data obtained on cadmium sulf ide 
solar c e D  (refer t o  Figure 6). The best f i t  of each curve was obtained 
using valuds from'3 to 4 f o r  the parameter, A. 

the  change of the electror,  k = Boltzmann's constant, T = the  abso- 

A t  this laboratory(9), i t  w a s  found possible t o  I 1 f i t t 1  curves of t h e  above 

Another model adds a ser ies  resistance, Rs: 

with the  corresponding I - V  relationship: 

I = Io (exp (V-IRs)q/AkT)-l) - IL. 
Where Rs has an appreciable effect  on the I-V character is t ic ,  i ts value can 
be estimated to be approximately equal t o  the reciprocal of the slope at  
the  open circuit voltage'intercept. 
taking experiments 
light in tens i t ies .  hsf" On the "kneef1 of each curve, a point i s  selected 
which has the  same incremental difference in current from IL, ( re fe r  t o  
Figure 7). 
slop is  chosen aa an estimate of Rs. 

Another way of 'estimating Rs involves 
ts of the I-V character is t ic  of a c e l l  a t  different  

A s t ra ight  line is f i t t e d  t o  the points and the reciprocal of i t s  
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I n  the case shown i n  the Figure 7, Rs was estimated t o  be approximately 
That value was also estimated from the slope at  open c i r cu i t  voltage 1 ohm. 

on a scope t race  of the I - V  curve. 
under the  standard l igh t  in tens i ty  and color of the routine laboratory c e l l  
tests. 
gave a value of A, approximately equal t o  3.5. 

The middle curve i n  Figure 7 was made 

The effect  of Rs was mathematically removed and the result ing data 

A t h i rd  model includes a shunt resistance Rsh: 

Its I-V characteristic is conveniently expressed logarithmically: 

I n  I + IL - V - I R s  + l]= rj (V - IR,) 
- IO IO Rsh 

Notice t h a t  there are f ive  parameters: Io, Ik! Rs, R ,’ and A i n  this 
equation. 
keep the  theore t ica l  curve i n  a narrow channel about the  experimental curve. 

It is possible t o  s h i f t  t h e i r  rela ive  valf&s somewhat and yet 

The above discussion suggests t ha t  investigators may f ind  different  
values f o r  cer ta in  parameters depending upon how they have approached the 
problem, 

Evaluation of the th i rd  model could proceed with the selection of f ive  
points, (v,, 11) (v  , 12), . . . . . . . ., (V , 1 ) from an experimental 
I-V curve. 
poihts and would be solved f o r  the f ive  parameters. The method of successive 
approximations should yield values o f  the f ive  parameters giving a curve 
which would pass close t o  the f ive selected points. The curve found i n  
this way would represent the I-V characterist ic of the c e l l  t o  a degree 
limited partly by the  accuracy w i t h  which the or iginal  points were chosen 
and par t ly  by t h e  inadequacies of the equivalent c i r cu i t  model. 

The I-$characteristic equation. wou 5 5  d b writ ten f o r  each of the 

COLL,EXTOR EIECTRODE 

During the  period just  prior t o  t h i s  contract, it was found khat a 
much improved col lector  contact could be made t o  CdS f ront  wall  film c e l l s  
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by laminating a f i n e  mesh metall ic gr id  i n  place of  the hand ruled conductive 
s i l v e r  grid.  
~ a ~ i e t y  nf spacings of the grid lines. A typ ica l  grid has 90 l i n e s  per inch. 
Each l i n e  i s  0.00049n wide. The most 
important feature  of the electroformed mesh i.s that ,  unlike a woven screen, 
i t s  surface is completely f l a t .  Tnerefore, contact i s  established completely 
on one surface against the barr ier  o f  the ce l l .  

These mesh grids are electroformed f rom various metals i n  a 

The transmission of  the gr id  i s  88%. 

The r e s u l t  of t h i s  improved contact was a lowering o f  series resis tance 
and an improvement i n  the shape of the 1-0 character is t ic  curve, a s  i s  shown 
i n  Figure 8. Thus, ce l l  efficiencies were more than doubled i n  most cases. 

Sheet Resistance 

To deterndne the  optimum mesh size,  an attempt was made t o  measure 
the  sheet resistance of the  barr ier .  The problem was t o  eliminate the effect 
of t he  conducting layer  of molybdenm and n-type CdS i n  the  measurements. 
The e l e c t r i c a l  test c i r c u i t  used for t h i s  measurement i s  shown i n  Figure 9. 
The average sheet resistance a s  measured on a number o f  bar r ie rs  was approx- 
imately 1000 ohms per square. Since the  mathematical solution of  the equi- 
valent  circuit  of a dis t r ibuted ser ier  resistance c e l l  involves a non-linear 
d i f f e r e n t i a l  equation, an attack of  the  problem was made by an empirical 
method. The average value of sheet resistsnce was determined. 
an optimum electrode spacing could be calculated f o r  any s i ze  col lector  
electrode. A t  t h i s  optimum the  decrease i n  ser ies  resistance obtained by 
moving the  collec+.or s t r ipes  closer together and adding a s t r i p e  would be 
balanced by a losg i n  output due t o  the decrease i n  active area covered by 
t h e  extra s t r ipe .  
per square, 20 lines per inch should give the optimum grid spacing. 

Knowing th i s ,  

It was determined tha t  f o r  a sheet resistance of  1000 ohms 

To corroborate this, several d i f fe ren t  meshes were tested.  Various 
Using meshes were obtained, from 5 l ines  per inch t o  1000 l ines  per inch. 

spec ia l  t es t ing  equipment t o  hold the mesh against the  barr ier ,  the  various 
gr ids  were compared d i rec t ly  by testing the same c e l l s  with d i f fe ren t  grids. 
Four cells were used. The resul ts  appear i n  Table V I I .  The screens are 
l i s t e d  i n  the order they were tested. 
pressures exerted against the  cells, there  was about a ten percent l o s s  i n  
efficiency. 

During the t e s t s ,  because of the 

The 90 lines per inch s i lver  g r id  gave the  highest output on a l l  four 
The 5 and 1000 l i n e s  per inch gold meshes were markedly worse than 

The remaining grids gave somewhat lower efficiency 
cells. 
the  rest i n  each case, 
than the  90 l i n e s  per inch s i lver ,  but were bunched more o r  less a s  a 
group. 
i n  order of decreasing efficiency f o r  each o f  the  four c e l l s  tes ted.  
g r ids  with 25 lines per inch spacing gave suf f ic ien t  output in each case 
t o  support t he  calculations tha t  20 l i nes  per inch i s  adequate f o r  con- 
tac t ing  ba r r i e r s  with 1000 ohms per square sheet resistance.  Even though 
25 l i n e s  per inch is  f i f t h ,  i n  cellX310, the second t o  t h e  s ix th  ranking 
gr ids  gave very nearly the same efficiency. 
i s  not very clear.  From the  I -V  curves, it appeared that  t h i s  c e l l  had a 

In Table V I I I ,  the  grids l i s t e d  i n  Table V I 1  have been rearranged 
The 

The explanation f o r  c e l l  X309 

-31- 



0 

20 

i 40 

70 

80 

100 

Cell X-14 CdS on Molybdenum Substrate 

Illumination = loomr/cm2 

Collect or ocv SCI Area Eff lciency 

Ag Paste 0.46 v 65 ma 11.9 cnl2 0. ek 

Collector 

Ag Mesh 0.46 V 11.9 c s  

32 



* 

Volt Neter 

Measure 
*b 

t o  

0 

Ib * Current through barrier layer 

Is = Current through molybdenum substrate 

Volt Meter 
(vb) 

t t 

V ~ J  = Voltage across barrier layer 

Vr = Voltage across current measuriag resistor 

wceseary condition V ~ > V ,  

-P-Type Barrier 
4 d S  &Type 
-Molybdenum 

Substrate 

FI- 9 

ELECTRICAL TESI CIRCUIT FOR MEASuREMENll OF BARRIER SHEFT RESISI'ANCE 

33 



cu 
rl 

d 

\o 
cr\ 

cu 

M 
d 
cu 

ln 
=Y 
cu 

\o cu 
rl 

d 
P- 

cu 
. a3 

0 
cn cu cr\ 

cu 
=s 
cu cu cu 

kR 
u3 
P- 

rl 

rl 
E- 

rl 

\o 
ln 
d 

e 
0 

m 
\o 

rl 

P- 
P- 

rl 

C h  
d 
cu 

u! 
d rl 0 

0 
P 
4 
U 

9) 

m 
m 
CD 

0 

3 

rl 
c1 

v3 m . E 
rl 

cn 
\o 

0 

pc 

rl 

Q) 

5 
h 
rl 
Q) 

d 

kR 
ln 

b-4 
? 

P- 
O 

cn 

ri 
r! 

u3 
P- 

O 

u3 
0 

ln 
d 

. 
rl r i  rl 

3 
t 
M 

3 
03 

0 m 0 
OI 

m 
u3 

a3 
a3 

a3 
a3 aD 

03 
(T\ 
03 

0 
0 
0 
r( 

0 
a3 
(u 

m 0 
pc 0 

P- 
O 
rc 0 m 0 

Lc 0 
P- 

IA cu 

9 
V 

M 
4 

M 
4 

9 
4 

=J 
4 

M 
4 3 

4 
9 
4 

$ 
4 

- 34- 



TABLE VI11 

XES3 COLLECTOXS FR9X TABLE VI1 LISTED ACCOFEING TO B T ' I G I E N C Y  

CELL CELL CELL CELL 
RANK X300 X309 X3lO S 290 

1 A g  90 

2 A u  25 

3 A u  70 

4 A u  90 

5 cu 70 

6 Ni 70 

7 A g  70 

8 I g  280 

A g  90 

A u  70 

Ni 70 

A g  280 

A u  90 

A g  70 

cu 70 

A u  25 

A g  90 

C u  70 

A u  70 

A u  90 

A u  25 

Ni 70 

A g  70 

A g  280 

A g  90 

A u  25 

Ni 70 

A g  70 

A u  90 

Cu 70 

A u  70 

A g  280 

9 

10 

A u  5 A u  1000 A u  5 A u  1000 

A u  1000 A u  5 A u  1000 A u  5 
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higher sheet resistance than the other three ce l l s .  
poorer performance of t h e  25 l ines per inch mesh i n  t h i s  esse. 
shape of the  I-V curves of the other three c e l l s  it i s  c lear  t ha t  25 l ines  
per inch is adequate and tha t  5 l ines per inch i s  inadequate f o r  the collector. 
The calculations therefore seem borne out by experimental resul ts .  

T h i s  could explain the 
Fromthe 

It i s  important t o  note here that these t e s t s  of various col lector  
electrodes on the  special  test equipment neglect the f a c t  t ha t  f o r  some 
reason the  sheet resistance of the  barr ier  region apparently increases greatly 
during the  actual  lamination process. The presence of hot flowing p las t ic  
apparently can increase the  sheet resistance as much as ten fold. 
because of this apparent increase i n  sheet resistance, grids with 70 t o  90 
l ines  per inch were necessary on laminated ce l l s ,  though the bench t e s t s  and 
calculations show 20 lines per inch should be adequate. 

Probably 

Since it was found tha t  m r e  than the i n i t i a l  sheet resistance of the 
ba r r i e r  w a s  involved, the steps in the lamination were separated and the  
sheet resistance measured a t  each step. 
i n  vacuum, over desiccant, in vacuum w i t h  heat, under pressure as  experienced 
i n  lamination, and with p las t ic  laminated t o  the surface. Table IX shows the 
results of this series of measurements. 
apparent sheet resistance when p las t ic  was allowed to  flow under pressure 
against the barrier region. 
sheet resistance under t h e  other conditions. 
i s  not yet clear, since the  above data were not sufficient t o  pin dam the 
fac tors  involved.' Perhaps the  p las t ic  was i so la t ing  small islands of the 
barrier region. 

The measurements were made i n  a i r ,  

There was a large increase i n  

There was only s l i gh t  increases in apparent 
Exactly w h a t  was occurring 

There was the  possibi l i ty  that the  various mesh sizes and even the 
various mesh materials acted differently under the conditions of l a ~ i n a t i o n .  
While s i lve r  was the  best  conductor, other metal meshes including copper, 
gold, and nickel were available so they were used. 
tests were that copper and nickel were not satisfactory,  and tha t  gold w a s  
as good o r  better than s i lver .  Other t e s t s  since then have indicated tha t  
gold is the  best  col lector  f o r  a laminated ce l l .  

The r e su l t s  of these 

Previous experience with CdS single c rys t a l  c e l l s  indicates t ha t  a l l  
these.metals should make good contact t o  the barr ier .  
does not make sense unless some factor  came in to  play besides contact 
potentials. 
when laminated. 
heat up a t  different  ra tes  during the lamination cycle. 
t h e r e  is the  poss ib i l i ty  of f loat ing away from the surface up i n to  the p las t ic  
thereby producing a high contact resistance. The I - V  curves of the  c e l l s  with 
copper col lectors  appeared t o  indicate a poor contact a t  the collector.  
displayed a very high ser ies  resistance. 

Therefore this t e s t  

Perhaps the gold being sof te r  eonforms t o  the surface b e t t e r  
There is also the  possibi l i ty  tha t  the different  screens 

If any got too hot, 

They 

Copper and s i lve r  meshes were compared on the special  t e s t  equipment 
The hot where the  meshes were held against the bar r ie rs  by a i r  pressure. 

flowing p las t ic  was then eliminated from the t e s t .  
was much be t te r  than when laminated. 
higher than tha t  with t h e  s i l ve r  collectors. 

The copper mesh col lector  
The ser ies  resistance was only s l igh t ly  

This may be inherent i n  the 
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copper, since s i l v e r  i s  a be t te r  conductor, o r  i t  may j u s t  be due t o  the 
f ac t  t ha t  copper i s  not as soft EIS t h e  s i lver ,  ar,d therefore did net c ~ n f o r m  
t o  the bar r ie r  surface as well as  t h e  s i lver .  

The next area t o  examine as a possible cause of the apparent increase 
i s  sheet resistance during lamination was the contact of the metal mesh t o  
the  barr ier .  

To check t h i s  area several ce l l s  were selected. F i r s t  the sheet re- 
s is tance w a s  checked. 
feature of the test  method w a s  an attempt to  match the  potent ia l  of each 
point on the  "barrierr1 wi th  the potential of the point on the substrate 
d i rec t ly  beneath it. 
f ide  layer between the rlbarrierlf and the substrate, small differences i n  
the  potent ia ls  should not introduce appreciable errors i n  the sheet resistance 
measurements. Reversing the power source gave approximately the same value 
for apparent sheet resistance, 
gave a different  value f o r  sheet resistance. I n  some cases, the difference 
w a s  as great as a factor  of two. 
these cells probably resul ts  from large mismatches i n  t h e  potent ia l  distri- 
butions of the "barrier" and the substrate. 

The c i r cu i t  used was shown i n  Figure 9. An important 

Because of the resistance of the n-type cadmium sul- 

Reversing the  c e l l  i t s e l f ,  i n  cer ta in  cases, 

The assymmetry of the measurements f o r  

To substantiate the  method of measuring the sheet resistance, the sur- 

A %nailt1 , ( 11) face of rrmany of t he  cells were probed in order t o  get a picture of the  
poten t ia l  distribution. 
a small cylinder of conductive elastomer, approximately 0.1 c m i n  diameter 
w a s  used t o  probe the surface. 
some cells was very uniform across the length of the ce l l s .  
approximately the  same sheet resistance when they were tes ted  i n  both 
directions. Other cells had distorted potent ia l  distribution. These c e l l s  
gave different  values of apparent sheet resistance depending how they were 
placed i n  t h e  circuit. This was probably due t o  localized leakage through 
the  barrier. These cells were eliminated from the  tests. The above r e su l t s  
did indicate that the  amount of mismatch i n  the potent ia l  dis t r ibut ions of 
the  barrier and substrate i n  ce l l s  t ha t  give symmetrical reading i s  not 
enough t o  introduce appreciable error. 

The c i rcu i t  used is  shown i n  Figure 10. 

The potent ia l  dis t r ibut ion of the bar r ie r  of 
These c e l l s  had 

A number of cells  with similar properties were selected. Some of the  
cells were laminated only over the end areas where the electrodes had been 
placed. 
electrodes. A t h i r d  group of ce l l s  was laminated over the en t i r e  c e l l  area. 
This procedure made it possible t o  separate the effects  lamination causes i n  
the ba r r i e r  from those it causes at  the electrodes. The values of sheet 
resistance measured in the cases of the f i r s t  and t h i r d  groups of c e l l s  
changed with lamination, much more radical ly  than i n  the case of the group 
of cells that was not larninated i n  the electrode area. This  tended t o  indi- 
cate electrode effects ,  .One of the end-laminated c e l l s  was dissected. The 
surface of the  electrode, which had been adjacent t o  t h e  "barrierft ,  was dis- 
colored. 
electrode o r  by an intrusion of plast ic  between the ba r r i e r  and the electrode. 
Ei ther  of these things could have caused a higher resistance reading. Probing 
this surface of the  electrode w i t h  a small conductive elastomer llsnailtl showed 

Other c e l l s  were laminated over t h e  center area and not over the 

This could have been caused by reaction of the bar r ie r  w i t h  the 
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incre  ed resistance in the d is  olored area. 

Other tests have been run t o  compare the resistance between gold and 
s i l v e r  electrodes laminated on the  same ce l l s .  
t ha t  the increase i n  apparent sheet resistance was associated with t h e  
electrodes . 

These t e s t s  also indicated 

Recently it has been found that t h i s  i s  not a constant problem. I n  
f ac t ,  many times when c e l l s  are  laminated there is very l i t t l e  change in 
the  apparent sheet resistance. A t  other times there are  great changes. 

S b u e  the gold grid is only held t o  the surface by the nylon, and there 
is evidence tha t  the grid does, a t  times, f l o a t  away from the surface, steps 
are being taken t o  elinti-nate t h i s  method of contacting the barr ier .  
a lso explains why 70 o r  90 l ines  per inch collectors must be used t o  get 
consistently good laminated c e l l s  when 20 l ines  per inch should be adequate. 
Steps a re  being taken t o  get a t ighter  control on the conditions of lamination. 
Work i s  also being done t o  elindnate the need fo r  lamination t o  hold the 
col lector  mesh t o  the surface of the barrier.  

This 

Electroforming 

The gold col lector  gr id  has been successfully applied t o  the bar r ie r  
surface by eleotroplating techniques. 
t o  provide a plating mask has resulted in  high conductivity, 80% t o  90% 
transmitting grids, bonded direct ly  t o  the  bar r ie r  surface. Only cer tain 
conditions of surface pretreatment and electroplating parameters have re- 
sulted in c e l l s  being unharmed b the plating process. Most of the e l l s  

attempted. 

The use of a photo-resist process 

fabricated i n  t h i s  way were 4 CI$ i n  area, although several  of 40 c s were 

Init ial  attempts t o  fabricate  a col lector  grid i n  s i t u  involved evapor- 
a t ing  a continuous metallic film over the c e l l  and select ively etching the 
f i lm t o  form a gr id  pattern. 
the etch on the  cadmium sulf ide sub-surface, from poor photo-resist techniques, 
and from dras t ic  a l terat ions of the photovoltaic character is t ics  by the 
evaporated metal. 
centered on electroplating the g r i d  through a photoresist mask. It was 
found that electroplated copper also dras t ica l ly  a l te red  the c e l l s  satur- 
a t ion  ourrent and short, c i r cu i t  current. 
plated gold, resul ted i n  good ce l l s  only when the plating current density was 
kept low, and when the c e l l s  were oarefully dried before and after: plating. 
Results of one experiment, i l l u s t r a t ing  the 

These experiments suffered from the  effect  of 

Later experiments, w i th  improved photolithographic work, 

The f i n a l  experiments, using electro- 

f f e c t  of plating speed and pre- 
treatment, are tabulated below f o r  some 4 cm 9 oells:  
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Before Processing Prebake Plating Current After Processing 

voc I S C  
Cell No. Voc I s c  I n  D r y  A i r  Density - Time 

0.4% 
0.50 
0.50 
0.50 
0.50 

0.50 
0. 50 

0.49 

17ma 5 m h  @150°C 
19 4 m i n  ~ 1 5 0 ~ ~  
17 None 
18 None 
17 5 min @15oOC 
19 None 
20 None 
17 5 min @15o0C 

2 ma.cm.'2 6 min. 
0.2 60 
0.2 60 
2 6 
0.2 60 
2 6 
0.2 60 
2 6 

0 4 3 V  
0.48 
0.47 
0.20 
0045 
0.10 
0.45 
0.15 

17ma . 
19 
17 
4 

17 
1 

17 
1 

Cells 1 t o  4 were plated within a few hours a f t e r  application of the photo- 
r e s i s t  mask. 
mask appllcation and before plating. 

Cells 5 t o  8 were exposed t o  room a i r  f o r  three days a f t e r  

The above results prove the f eas ib i l i t y  of the process, especially i n  

Plated copper may prove feasible  i f  applied a t  very 
Large area ce l l s ,  which require a gr id  with lmer 

v iew of the fact that there  i s  a possibi l i ty  of improvement in nearly every 
stage of t he  procdss. 
law current densit ies.  
sheet r e s i s t i v i ty ,  can be processed by plating f o r  a longer period w h i l e  
providing a network of high conductivity bus bars. 

Twenty-five l ines  per inch grids with 90% transmission can be formed 
by photo-resist techniques, and 70% transmission can be achieved with 70 
l i nes  per inch by t h e  state of the a r t  i n  this laboratory. 
t ha t  the transmission can be improved i n  the future. 

It i s  expected 

I n  an e f f o r t  t o  avoid attacking the  th in  ba r r i e r  with the  plating 
solution, an attempt was made t o  fabricate a rear  w a l l  c e l l  by painting the 
b a r r i e r  surface with an opaque s i lver  paste, and select ively etching out a 
grid on the  other side, i n  the c e l l ' s  molybdenum substrate. This technique 
shows some promise, but it is hampered by the lack of an etchant which w i l l  
remve molybdenum and not remove the CdS below. This method does have the 
advantage of etching f romthe  n-type CdS side of the ce l l .  
about one and one half mils thick, so tha t  i f  the etching solution remves 
only part of the CdS it probably will not a f fec t  the c e l l  operation. 
11 is a picture of an operating rear wall  c e l l  tha t  was fabricated i n  this 
manner. 
unsupported when mst of the molybdenum is etched away. 

This material i s  

Figure 

It does present a handling problem since the  CdS f i l m  i s  pract ical ly  

CELL ENCAPSULAEON 

A t  present the complete c e l l  package comprises the CdS f i lm  and ba r r i e r  
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layer on a momdenurn substrate, a mesh collector,  negative and positive leads, 
and the  p las t ic  enveiope. 
mesh are  not considered. 
capsulation, and the lead attachment. 

I n  this section the suEstrt&e, f ih . ,  barrier,  and 
Interest  is directed t o  the plast ic ,  methods of en- 

Plas t ics  

U s i n g  samples supplied by Harshaw, the NASA, L a w i s  Laboratory performed 
some px-eljxinary ult raviolet  t e s t s  on the films. With t h i s  information, t h e  
data supplied by the manufacturers, and the experiences gained in this 
laboratory, t he  most favorable plastics f o r  c e l l  encapsulants were selected. 
The properties looked f o r  in the plast ics  were ul t raviolet ,  temperature, and 
radiat ion resistance. 
properties. 
H - f i l m ,  duPont’s Tedlar, and Mylar. 
is a polyvinyl fluoride. 

The p l a s t i c  must also possess suff ic ient  tens i le  
The three p las t ics  that look best f o r  space use a re  duPont’s 

H-film is  a polyimide, while Tedlar 

Iamination of one mil H-film to i t s e l f  was not successful, and an ad- 
hesive layer of nylon had t o  be used. 
adhesive i s  needed f o r  the Tedlar since it has a special  heat sealable surface. 

The same i s  true of the  Mylar. No 

These three p las t ics  will be compared in fur ther  t e s t s  by NASA. These 
tests include radiation resistance, u l t rav io le t  resistance, thermal properties, 
misture permeability, and other  physical properties such as t ens i l e  strength 
and elastic modulus. 

Encapsulation 

ation process, and the d i f f icu l ty  this causes i n  handling cer ta in  plast ics ,  
a neu technique is being sought. 
and physical qua l i t i es  of the plast ics  would be less  affected by a short  heat 
and cool cyole than by the present much longer cycle. 
would be inspulse lmination. 

Because of the long heating and cooling cycle used i n  the present lamin- 

The present method i s  too slow. The opt ical  

An a t t rac t ive  method 

Some work was i n i t i a t e d  here on an impulse type sealer. The most favorable 
r e su l t s  have been obtained on what might be termed a “resistance heatingrr type 
system. Large amounts of e l ec t r i ca l  power are necessary f o r  s h o d  periods 
of time. After several t e s t s ,  it is f e l t  tha t  specifications f o r  a piece of 
equipment including the proper power supply can now be written. 

Another type of sealer tha t  has been investigated i s  the heated roller 
type. 
the  ce l l .  
this heated r o l l e r  technique. 
package, e.g. putting the mesh collector on the barrier.  

This sea ls  t h e  plast ics  well but  tends t o  t r ap  vapors a t  the edges of 
There are  ways tha t  a new package could be developed employing 

It might a lso be employed in preassembling the 
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Miscellaneous Improvements 

Results of thermal cycling t e s t s  a t  extreme temperatures, has made it 
evident t h a t  fur ther  changes are needed in t h e  c e l l  package. 
area has been the cut t ing of t h e  plast ic  by the edges of the substrate 
during temperature cycling.. 
metalworking against the  p las t ic  a t  the edge of the metal substrate. 
p l a s t i c  is thinned i n  this area during the lamination process. 

One problem 

This is  due t o  the  expanding and contracting 
The 

To prevent any cutting of the p las t ic  by the  t h i n  metal substrate, 
t he  corners of the  substrate have been rounded and the edges sanded. A 
p las t i c  picture frame of reinforcement has also been added t o  eliminate the 
t h i n  area of p las t ic  a t  the c e l l  edges. 

S t i l l  another improvement incorporated i n  the  present package i s  an 
emissive blauk backing. 
of t h e  package t o  about 0.9. 
it is bonded t o  the p las t ic  by heat. 

The purpose of the black is  t o  improve t h e  emissivity 
Previously this black tended t o  chip off ,  now 

Lead Attachment 

One weak point i n  the  c e l l  package was the negative and positive lead 
Unti l  now t h i s  has been a pressure contact established during attachment. 

the l a d n a t i o n  process which had appeared t o  be sat isfactory u n t i l  the advent 
of a large number *of t e s t s .  

To a l lev ia te  the problem of the pressure contacts ( s i l ve r  t o  the moly- 
bdenum, and s i l v e r  t o  the gold mesh) separating, other precautions were taken. 

I n  order t o  insure-a  good contact t o  the molybdenum substrate, a tab  
has been extended f r o m  one edge. 
it is t o  be soldered, it must receive additional treatment. 
t o  p la te  this tab  with solderable metals l e f t  much t o  be desired. 
small vacuum chamber was designed t o  evaporate copper on the tab a f t e r  it 
was heated in  vacuum t o  500(%. 
soldered. 
substrate  is trimmed j u s t  before landnation. With t h i s  piece of equipment the 
tab  must be about an inch long. 
tinned piece of metal can be spot welded to . the molybdenum tab. 

This t ab  can be spot welded. However if 
Several attempts 

Finally a 

This coating adheres well and can be readily 
The advantage i s  t h a t  it can be applied t o  the c e l l  a f t e r  the 

If shorter  negative leads are  desired, a 

There a re  two method of attaching the posit ive s i l ve r  lead t o  the 
mesh. The other i s  t o  have the lead 
tinned before lamination, then under the conditions of temperature and 
pressure of lamination, a solder joint  is formed between the mesh and lead. 
From many t e s t s  it appears tha t  certain fluxes must be avoided as  they damage 
the barr ier .  The solder method has proven very satisfactory.  

One is a thermal-compression bonding. 

A l l  other connections, e.g. terminals on the end of the leads, are  spot 

These improvements insure a c e l l  package tha t  will not lose e l ec t r i ca l  

welded. 

contact under extreme temperature conditions. 
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PIUT UNE 

Dur- this contract a standard process line f o r  production of CdS 
f ront  wal l  so la r  c e l l s  was continually operated. 
line t o  evaluate advances. 
fabricated on this line to .  provide a continuous measure of front w a l l  c e l l  
performance as compared t o  rear wall operation. 
line uere used in  other tests after they were evaluated, e.& landnation 
experimnts, l ife tests, etc.. 
l i n e  during t h i s  cantract, For instance, at  the start of the contract the 
col lector  electrode wm hand striped s i l v e r  aonduotive paint. 
discovered t h a t  the c e l l  efficiency could be doubled by using an electro- 
formed mesh collector. However, with the advent of the  mah collector,  it 
was necessary t o  encapsulate each c e l l  i n  order t o  a t tach t h e  col lector  t o  
the  barrcler. 

This line provided a base 
Periodically glass r ea r  w a U  ceUs  uere also 

The cel la  made on this 

Several changes were incorporated in to  this 

It was l a t e r  

This required qui te  a b i t  more time, 

I n  order t o  determine the efficiency of ce l l s  without permanently 
laminating them i n  plastic,  a pressure t e s t  unit was oonatructed that in- 
corporated a l l  the features of the lamination process exaept the presence of 
t h e  hot p l a s t i c  f i lm.  
immediately a f t e r  ba r r i e r  formation, is placed in the fixture and it is  
clamped shut. Beneath the ee l1  there i s  a rubber diaphragm. 
approximately 100 ps i  from tank nitrogen preasea the c e l l  against a s i l ve r  
mesh grid and a luc i te  window. The c e l l  is illuminated through the luc i t e  
window and the  output of the c e l l  measured. This allowe a very close 
estimation of the.performance of the f i n a l  ce l l ,  without actually laminating 
a mesh against the barrier surface. The benefits  of t h i s  t es t ing  method are 
evident. 
later matching and assembly in arrays. 

This unit is i l l u s t r a t ed  in Figure 12, The ce l l ,  

Pressure of 

The c e l l s  can be tested and then stored i n  a dry atmosphere f o r  

It was also discovered t h a t  the c e l l s  made on the p i lo t  l i n e  were 
sensi t ive t o  humidity during barr ier  formation. 
electroplating Cu on the f i lm and then heating it i n  a i r .  The time of this 
oxidation process varied greatly. The cause was humidity variations. An 
electro-air  dryer was i n s t a l l ed  on the oxidizing furnace. Sinoe then the 
oxidizing time i s  eas i ly  controlled and the barr iers  are much more reproducible 
and uniform. 

The bar r ie r  was formed by 

This p i l o t  line has helped solve several temporary d i f f i cu l t i e s .  
the  causes for t he  lower average efficiency.was the produation of less d- 
form f i b .  This lack of uniformity of the films was found t o  be oau8e by 
a general build-up of evaporant on a l l  the surfaces within the vacuum b e l l  
jars. 
eff ic iencies  of completed c e l l s  rose sharply. 

One of 

Immediately a f t e r  the systems were completely clemed, the,conversim 

Another problemwas traced t o  an incorrectly reading thennocouple. 
It appears t h a t  the vapors i n  the vacuum system gradually attack the themno- 
couples, and unless they are changed regularly they tend t o  give faulty 
readings. The thermocouples caused e m m o w  substrate temperature readings 
which resulted in many th in  films. 
dming barrier plating. 

These thin f i l m  tend to  develop shorts 
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A typical  d i f f icu l ty  encourtered was a material problem. 
poor c e l l s  were traced t o  fi’m wde from cart*, s i n t s r s  of m. 
was not completely sintered because of a power failure during the  run. 
sinters displayed high oxygen contents. 
used f o r  evaporation has been established as a result. 

Some of t h e  
%e l o t  

Other 
More rigid control of the  material 

It was discovered during the  p i lo t  line operation that many cells t h a t  
were considered p o r ,  o r  even scrap, because of low output o r  apparent 
shorts are recoverable. 
not due t o  the  film formation, but t o  the formation of the barrier. 
can be generally c lass i f ied  as low current output, and apparent poor shunt 
resistance. 
peating t h e  ba r r i e r  formation process without removing the first barrier. 
The cells tha t  seem t o  have poor shunt resistance (according t o  the I-V 
character is t ic)  may have a very high Io f o r  some unknown reason. This is 
demonstrated when the poor shunt characterist ic disappears a t  liquid nitrogen 
temperatures. 
separating it from true shunt problems. 
I 
pyacing them with new barriers.  

The two most prevalent f a u l t s  of poor oeUs are 
They 

The cells tha t  have low current can be recovered by simply re- 

This gives an easy method of detecting t h i s  condition and 
These ce l l s  w i t h  the  possible high 

are recoverable by removing the  bnrr iers  with potassium cyanide, and re- 

Over 1000 c e l l s  were &de on the p i lo t  line during the  period covered 
Because of the continual changes and improvements, both by t h i s  contract. 

the  average efficiency and the mimum efficiency of the c e l l s  has increased. 
The highest efficiency c e l l  produced on this m e  was 5.12%. 
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